Abstract Field line curvature scattering by the magnetic field structure associated with bursty bulk flows (BBFs) has been studied, using simulated output fields from the Lyon-Fedder-Mobarry global magnetohydrodynamic code for specified solar wind input. There are weak magnetic field strength (B) regions adjacent to BBFs observed in the simulations. We show that these regions can cause strong scattering where the first adiabatic invariant changes by several factors within one equatorial crossing of energetic electrons of a few kiloelectron volts when the BBFs are beyond 10 R E geocentric in the tail. Scattering by BBFs decreases as they move toward the Earth or when the electron energy decreases. For radiation belt electrons near or inside geosynchronous orbit we demonstrate that the fields associated with BBFs can cause weak scattering where the fractional change of the first invariant ( 0 ) within one equatorial crossing is small, but the change due to several crossings can accumulate. For the weak scattering case we developed a method of calculating the pitch angle diffusion coefficient D . D for radiation belt electrons for one particular BBF were calculated as a function of initial energy, equatorial pitch angle, and radial location. These D values were compared to calculated D for a dipole field with no electric field. We further compared D values with that of stretched magnetic fields calculated by Artemyev et al. (2013 Artemyev et al. ( , https://doi.org/10.5194/angeo-31-1485 Artemyev et al. ( -2013 at r ≈ 7 R E . Results show that scattering by BBFs can be comparable to the most highly stretched magnetic field they studied.
Introduction
Observations of the magnetosphere have revealed that the plasma flow in the magnetosphere is highly structured (Angelopoulos et al., 1992; Nakamura et al., 2011; Ohtani et al., 2004; Runov et al., 2009) . Angelopoulos et al. (1992) studied high-speed flows in the plasma sheet and used the term bursty bulk flows (BBFs) to characterize the observed flow structures. They showed that BBFs are organized as a burst of flow (>100 km/s) with a 10-min time scale and a peak flow >400 km/s of 1-min time scale. BBFs are believed to be created by localized magnetic reconnection (Chen & Wolf, 1993) . They are also believed to represent flux tubes of low entropy, which convect faster than the bulk of the plasma (Pontius & Wolf, 1990) . BBFs are associated with many magnetospheric phenomena. BBFs have enhanced B z , strong induced electric field, and they are associated with dipolarization (Nakamura et al., 2002; Ohtani et al., 2004; Runov et al., 2009 ). The enhanced B z is usually preceded with a decrease in B z and weakened magnetic field strength (Ohtani et al., 2004; Yao et al., 2015; Zhou et al., 2014) . BBFs are also interpreted as the equatorial footprint of auroral streamers, a north-south aligned thin auroral arc (Forsyth et al., 2008; Lyons et al., 1999; Nakamura et al., 2001; Sergeev et al., 1999) . BBFs are also shown to play a role in accelerating and injecting plasma sheet electrons into the radiation belts (Birn et al., 1998; Gabrielse et al., 2017 Gabrielse et al., , 2016 Li et al., 2003; Sarris et al., 2002) . Here we study the role of the localized magnetic field structure of the BBFs in the nonadiabatic motion and pitch angle scattering of energetic electrons by the magnetic field structure of BBFs. The quantitative rate of pitch angle scattering is associated with the rate of change of the first adiabatic invariant (Birmingham, 1984; Buchner & Zelenyi, 1989) .
The first adiabatic invariant ( ) is conserved in the absence of rapid change in magnetic field on the time and spatial scale of gyromotion and is used to organize transport of energetic particles in the magnetosphere (Schulz & Lanzerotti, 1974) . The expression of is written as an expansion parameterized by magnetic field inhomogeneity (Northrop, 1963; Young et al., 2002) . The leading term in the expansion, 0 =
is usually used as an approximate invariant. Here m 0 is the particle rest mass, B is the magnitude of the magnetic field, and p ⟂ is the perpendicular component of the momentum. The conservation of 0 can be violated when the fields vary on the time scale of the gyroperiod or when the gyroradius ( ) is comparable to the gradient scale
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; Pfefferle et al., 2015; Smets, 2000) , or curvature radius (R c ) of the magnetic field. The nonadiabatic motion of charged particles in highly curved magnetic fields has been studied by many authors (Birmingham, 1984; Buchner & Zelenyi, 1989; Chen, 1992; Chirkov, 1978; Engel et al., 2016; Hudson et al., 1997; Sergeev & Tsyganenko, 1982; Speiser, 1991; Ukhorskiy & Sitnov, 2013; Young et al., 2002; Zelenyi et al., 2013) .
Speiser (1991) studied the trajectories of particles in the tail current sheet. He showed that the value of the first adiabatic invariant after the particles cross the current sheet is different from the value it had as it approaches the current sheet, which he referred to as a jump in . Buchner and Zelenyi (1989) have analyzed the nonadiabatic charged particle motion in two-dimensional tail-like magnetic field reversals. They characterized the motion based on a = √ R c parameter. They showed that the particle motion can be chaotic when the parameter is the order of unity and can result in pitch angle diffusion. Young et al. (2002) studied the scattering in due to field line curvature in a realistic magnetosphere. In their model represents the expansion of the first adiabatic invariant (Northrop, 1963) based on the ratio of to curvature radius at the magnetic equator (R ceq ). They calculated as a function of
and the variation of R c along the field line. Young et al. (2008) studied magnetic field induced pitch angle diffusion as a detrapping mechanism in the inner magnetosphere. They calculated a diffusion coefficient for based on of Young et al. (2002) , and they studied the long-time behavior of particle distributions in the quiet time inner magnetosphere. Hudson et al. (1997) showed field line curvature as a possible detrapping mechanism of transient proton belts. Engel et al. (2016) extended this work to loss of inner zone protons due to field line curvature scattering during strong magnetic storms as the storm time ring current disturbs the magnetic field topology. In this study we show that field line curvature scattering can also result due to the curvature of the field in the weak B region adjacent to BBFs produced using idealized solar wind input to drive a global magnetohydrodynamic (MHD) model of solar wind-magnetosphere interaction (Wiltberger et al., 2015) . We demonstrate that 0 can change by several times its initial value within one crossing of the equator depending on the energy of the electrons and the location of the BBF. We refer to scattering of this type as strong scattering. For lower energy and as the BBFs move inward the scattering effect weakens. The fractional change of 0 with one crossing can be small (<0.1), which we refer to as weak scattering. However, the cumulative effect of several weak scatterings of many crossings can add up. For the weak scattering case we calculate the pitch angle diffusion coefficient (D ) under BBF fields for different initial energy, pitch angle, and at different stages of the BBF propagation. The method used to calculate D and the results are described in the subsequent sections. The values of D for the dipole field at one radial location for several energies and equatorial pitch angles are calculated for comparison.
Chaotic Particle Trajectories in BBFs
To demonstrate chaotic energetic electron trajectories in BBFs, we traced electrons by solving the Lorentz equation using the field output from the Lyon-Fedder-Mobary (LFM) global MHD simulations (Lyon et al., 2004) . The Lorentz equation was integrated using volume preserving methods that can be applied to systems with time-dependent electromagnetic fields with good accuracy and conservative properties over long times of simulation (He et al., 2016) . The method has been shown to have a long-term fidelity and higher accuracy compared to the traditional Runge-Kutta methods and Boris algorithms. Before delving into the particle tracing we will briefly describe the LFM-MHD simulations to produce BBFs.
LFM-MHD Simulations of BBFS
The Lyon-Fedder-Mobarry (LFM)-MHD simulation that solves the ideal MHD equations on an irregular grid optimized for magnetosphere studies and subject to specified solar wind input (Lyon et al., 2004) was performed to reproduce the observed qualitative features of BBFs using idealized solar wind conditions. The BBFs are believed to be created by bursts of localized magnetic reconnection (Wiltberger et al., 2015) . The simulation was done with a high-resolution grid of (212, 256, and 192) in radial, azimuthal, and polar directions, respectively. This corresponds to a grid resolution of about 0.2 R E in the midtail. The resolution is finer closer to and coarser away from the Earth. The LFM-Magnetosphere-Ionosphere Coupler/Solver version of the code which treats the inner boundary at 2 R E as a spherical surface with known conductivity is used (Merkin & Lyon, 2010) . The dipole field of the Earth was aligned along the z axis. The LFM x axis points in the direction of the Sun, and the y axis completes the right-hand coordinate system. There is no corotational electric field in this simulation. The solar wind density was set at 5 cm −3 , the x component of velocity at −400 km/s. The y and z components of the velocity were set to 0. The density and the velocity were kept fixed throughout the simulations. The x and y components of the interplanetary magnetic field (IMF) were also set to 0. The z component of the IMF is −5 nT for the first 2 hr and flipped to 5 nT for the next 2 hr. Then, after the first 4 hr the IMF was flipped back to −10 nT for the remaining time of the simulations. The LFM fields were dumped at every 1 s of the simulations.
The results of the MHD simulation show earthward propagating BBFs emerging from the magnetotail after about 5 hr of simulation time (ST), 1 hr after the second southward turning of the IMF, which proliferate later. For more detailed characterization of the statistical properties of the flow and the density profile in these BBFs, see the study by Wiltberger et al. (2015) . Snapshots of the z component of the perturbed magnetic field (B z ) in the equatorial plane, where the dipole component of the field is subtracted at 5:23 and 5:28 ST are shown in Figure 1 . As can be seen from the figure the BBFs have enhancedB z , but adjacent to these structures, there is also a region of diminishedB z . These regions of diminishedB z also have weak magnetic field strength, and they evolve alongside the enhancedB z . A movie showing the evolution ofB z and B can be seen in supporting information Movies S1 and S2, respectively. The weak magnetic field (B) regions are found in all the BBF structures of the simulations. This weak field region adjacent to the enhancedB z moves alongside the BBFs and evolves with the complex structure of the BBFs. The weak field regions are not exclusive to BBFs, but they are different from the other weak B regions as their motion is closely tied to the BBFs. All the BBFs from the simulations have weak B region flanks; however, the detailed structure differs from one BBF to the other. The detail of the convection within the structure is also complicated, and it is outside the scope of our study. The curvature of the magnetic field in these structures coupled with the weak B can give large
, which can cause chaotic motion (Buchner & Zelenyi, 1989; Chen, 1992; Speiser, 1991) . Even though the nonadiabatic motion can be caused by small gradient scale length or shear length, we found that the small curvature radius is the main reason for chaotic motion in this case. Snapshots of Figure 2 . We show that this region can cause strong scattering for electrons of energy as low as a few kiloelectron volts.
To demonstrate strong scattering, we traced 3-keV electrons near the BBF coming from the duskside of the magnetotail shown in Figure 1 . The electrons were started with a pitch angle of 45 ∘ , with randomly chosen gyrophase (different colors in Figure 3 and 4) at the position of x = −14.7 R E andy = 9.9 R E . For the electrons in this region min ≈ 1.6 for the initial pitch angle. The first adiabatic invariant versus time and the trajectories are shown in Figures 3 and 4 . The result shows that 0 jumps every time the electrons move through the magnetic equator, where is minimum. The jump of 0 ( ) is sensitive and even depends on the gyrophase. It is also random in which the value of every jump is uncorrelated. All are qualitative features of the chaotic trajectories described by Buchner and Zelenyi (1989) . A zoomed in figure of the trajectories in the chaotic region shows chaotic trajectories described by Speiser (1991) . This chaotic motion is characterized by a strong pitch angle scattering, with a scattering time scale of the bounce motion.
When the BBF moves inward, the weak field around the BBF still moves alongside of the enhancedB z , as can be seen from Figure 1 . However, the R c value around the BBF decreases because of the increase of the dipole field strength. Hence, less chaotic particle motion is observed outside the BBF. For this particular BBF, the 3-keV electrons show strong scattering up to r = 11 R E . The 0 of the 3-keV electron calculated at x = −4.0 R E , y = 10.6 R E , and t = 5:32 ST (simulation time) is shown Figure 3 . Even though the ⟨ 0 ⟩ value is smaller than the value calculated at x = −14.7 R E and y = 9.9 R E , it still corresponds to strong scattering. It should be noted that the 3-KeV electrons at different radial location, used as an example, represent a different population of electrons as they energize while moving inward.
As

R c
decreases, the fractional jumps ( 0 ) will also decrease. However, the jump as a result of several crossings can add up. Since increases with increase of energy, the chaotic region for higher energies penetrates deeper toward Earth. We demonstrate that as the BBF moves inward to the radiation belt region (< 8 R E ), radiation belt electrons (>100 keV) show weakly chaotic motion. We calculate the resulting pitch angle diffusion to estimate the role of deeply penetrating BBFs in pitch angle scattering of radiation belt electrons in the following section.
An example of weakly chaotic behavior in the variation of 0 is shown in Figure 5 for electrons of initial energy of 500-keV bouncing through a low region (where min ≈ 4.5) near the BBF field located at x = −3.6 R E and y = 6.4 R E . The result is very similar to the chaotic particle behavior of the strongly chaotic region, except the 0 is much smaller in this case.
We calculate the pitch angle diffusion coefficient (D ) for radiation belt electrons at different radial positions when the BBF penetrates into the radiation belt up to r = 5.5 R E geocentric for one particular BBF. The method of calculating D and the results are presented in the next section.
Method of D Calculations
The diffusion coefficient was calculated from the ensemble average of D = ⟨ Δ 2 eq 2 Δt ⟩, where Δ eq is the difference in the equatorial pitch angle of an electron within time Δt. Δt is chosen to be larger than the bounce period but small compared to the inverse of the calculated diffusion coefficient = D −1 . The ensemble of electrons has the same initial energy and pitch angle and is initiated at the same initial position but with different gyrophase. Since the electrons drift within the simulation period, the result of the D is an average around the selected spatial position within a fraction of an Earth radius.
First, the Lorentz trajectories of electrons were calculated with their pitch angle being recorded when they cross the minimum magnetic field location (z bmin ). The z bmin is not necessarily at z = 0 in the MHD simulations. From now onward, when we say equatorial crossing, we are referring to particles passing through z = z bmin . Then the particle pitch angle ( 0 ) is transformed to guiding center pitch angle (̄), using the Littlejohn (1983) algorithm. To calculatē, first, equations (30b) and (30d) of Littlejohn (1983) are used to calculate the parallel (U) and perpendicular (W) velocity of the guiding center. The guiding center pitch angle is then calculated as,̄= tan −1 (
W U
). The meaning of the variables used in the formulas can be found in Robert (1981) . The modification of the variables for the relativistic case is discussed by Boghosian (2003) . Thēat the equatorial crossing is used in the calculation of D .
The motivation for usinḡinstead of 0 is as follows. In ensemble averaging of , there is the assumption that Δ eq is a diffusive change. However, there is also a noncumulative oscillatory change, which oscillates with gyromotion. This oscillation in 0 arises as a result of particles crossing the magnetic equator with different gyrophase as they bounce back and forth. This oscillation does not grow, so it is not diffusive. In order to avoid the effect of the noncumulative oscillation in calculation of D , we usē. Thēis free from oscillation in gyrophase up to second order in = L (Littlejohn, 1983 ). An example of 0 and̄versus time for an electron near the equator in a dipole field is shown in Figure 6 . The result shows that the oscillations in̄are much smaller than that of 0 .
To show how using 0 overestimates the D , we compare D calculated usinḡand 0 for electrons of several initial energies and equatorial pitch angles in the Earth's dipole field at 6 R E . At each energy and pitch angle an ensemble of 300 electrons with different gyrophase was used. The results are shown in Figure 7 . The D calculated with 0 is at least >2 orders of magnitude larger than that of̄for all initial energies and pitch angles. This is because the Δ 0 for this electron is dominated by the noncumulative oscillation, whereas in thēcase there is no oscillation up to 2 . The is much less than 1 in this case. The largest value of D for a 2-MeV electron calculated usinḡis ≈ 10 −8.5 s −1 which is equivalent to a diffusion time scale of >10 years. Even this value of D has the effect of noncumulative oscillation of the order of 2 . But the value is so small that the effect has no significance in magnetospheric physics, demonstrating that the method effectively removes the noncumulative oscillation effect in calculating D .
In the case of strongly chaotic motion where
are not much less than 1, the second-order oscillation in may not be small. However, for weakly chaotic motion we show that the oscillation in the pitch angle (̄) and the first adiabatic invariant (̄) due to gyrophase is reasonably small. An example of̄and 0 for the weakly chaotic high energy of 500-keV case presented in the previous section is shown in Figure 8 . The oscillation in̄in the chaotic region is less than . This indicates that the method can be applied for weakly chaotic motion without much error.
In addition, when taking Δ eq , the electron crossings were chosen to be in the same direction (the same bounce phase), to avoid any oscillatory change in̄due to bounce phase. Furthermore, Δt was also chosen to be several times the bounce period to reduce the effect of second-order oscillations in Δ eq . Since eq due to gyromotion does not grow with time, the oscillation term can be reduced by using larger Δt. But Δt must also be much smaller than the diffusive time scale (D −1 ) for the diffusion formula to be applicable. Young et al. (2008) have calculated D from D using their empirical model for . In their calculations they use ∝ sin 2 eq , which is based on the assumption that the energy is conserved. They also assume that a jump in happens within infinitesimal height, and it is constant asymptotically close to the chaotic region. In reality the particles' chaotic motion happens over a finite distance. The finite size of the chaotic region coupled with the presence of electric field in the MHD simulations results in the change of the energy in the chaotic region. 
Results
D for radiation belt electrons was calculated near one of the BBFs seen in high-resolution global MHD simulations with prescribed solar wind input (Wiltberger et al., 2015) , where the parameter is lowest. The results The D values with the BBFs is several orders of magnitude larger than that of a dipole field. In general the D increases with increase of energy and radial position. This is because the particle motion is more chaotic for larger value of R c , which happens for higher energy and greater distance from the Earth.
The dependence of D on pitch angle can be qualitatively explained as follows. The simulation result shows that, in general for a given energy, 0 is larger for lower eq . This is true even though is smaller for lower eq . This results in lower pitch angle particles showing a larger jump in 0 and hence in eq at every equatorial crossing. This result is consistent with the pitch angle dependence of 0 for the field reversal model of Buchner and Zelenyi (1989) . However, the bounce time ( ) is larger for lower pitch angle particles, which tends to decrease D . The dependence D on eq is determined by which of the two effects dominates.
Discussion and Conclusions
The simulations presented have demonstrated that energetic electrons, above a few kiloelectron volts, can be scattered by the curvature of the field in the weak B region adjacent to the BBFs seen in global MHD simulations to model BBF observations in the magnetotail (Wiltberger et al., 2015) . The weak B regions adjacent to the BBFs are seen in all the BBFs and evolve with the BBFs. However, the morphology and convection in these regions is complicated and has not been well studied. It is not within the scope of this work. Future work should address how this weak B region is related to the BBFs numerically as well as observationally. The simulation results also show that D due to pitch angle scattering of the BBFs can be as large as the order of 10 −2 rad 2 s for megaelectron volt electrons at r = 7 R E in the outer radiation belt. Even though the value of D is smaller for lower energy and as the BBFs move inward, the pitch angle scattering by BBFs is significant for energetic electrons of >100 keV up to r = 5.5 R E . We compared the results of D with that scattering in a stretched magnetic field calculated by Artemyev et al. (2013) . They have calculated the D values for a stretched magnetic field of B x = 100 tanh(
) and B z = 15 nT using the Young et al. (2008) method. They choose current sheet thickness (L c ) of 1, 1.5, and 2 R E . The magnetic field was chosen to approximate the stretched magnetic field at r ≈ 7 R E . L c varies depending on the geomagnetic condition, but the chosen values were realistic values at r ≈ 7 R E . Comparing the D scattering by the BBF at r ≈ 7 R E with that of Artemyev et al. (2013) , the values found from the BBF are about the same order of magnitude as that of L c = 1, which corresponds to the most highly stretched case of the three L c . For example, for 1-MeV electrons at eq = 45 ∘ , both cases have D ∼ 10 −2 s −1 . This indicates that the pitch angle scattering by the BBFs can be equivalent to highly stretched magnetic field line geometry. In addition, Artemyev et al. (2013) have compared the D caused by stretched magnetic field and resonant wave-particle scattering by lower band chorus waves. Their result shows that the scattering by stretched field is orders of magnitudes larger for the low pitch angle case; for higher pitch angle electrons the scattering by the chorus wave starts to dominate. For example, for 1 MeV and L c = 1R E the scattering by the stretched field is about 3 orders of magnitude larger than that of chorus waves, and the two are about the same at ≈80 ∘ pitch angle. This indicates that the scattering by BBFs can be dominant mechanism specially at lower pitch angles.
The value of D should be interpreted as the maximum value for the particular BBF under study, as it is calculated in the more chaotic region of one particular BBF. However, the qualitative feature of the scattering by the BBF can be generalized to other BBFs with similar magnetic field gradients. In addition, it should be noted that BBFs move with hundreds of kilometer-per-second radial velocity and have spatial structure width the order of 1 R E (Wiltberger et al., 2015) . The scattering by BBFs is a transient phenomenon remaining at a particular position for a time scale of a minute (Angelopoulos et al., 1992) . However, the effect of many BBFs can cause significant scattering of radiation belt electrons. The cumulative effect of pitch angle scattering by many BBFs is the topic of future work. The cumulative effect of radial transport and energization by BBFs on plasma sheet electrons injected into the radiation belt region inside geosynchronous orbit is the topic of a separate study (Eshetu et al., 2017) .
